INTRODUCTION
The separation of stream hydrographs into a baseflow component and a rapid response component has been of interest to researchers for decades. The water resource managers to address a variety of water quantity and quality issues, particularly as the relative magnitude of these components can vary quite widely from watershed to watershed. The traditional method to separate the baseflow is to analyze the discharge records Allen 1999, Arnold et al. 1995; Aksoy et al. 2009; Wang and Cai 2010) . Determining the relative contributions of baseflow and surface runoff is often of prime importance for the selection of watershed management strategies and techniques associated with development projects; and the water quality variables needing most attention in a watershed are closely linked to the sources of flow e.g. suspended sediment and phosphorus being commonly linked to surface runoff. There is no direct way to continuously measure baseflow throughout a basin. Consequently, many approaches have been developed to estimate or separate baseflow from streamflow continuously in time (Rutledge 1998; Wittenberg 1999; Chapman 1999; Piggott et al. 2005; Eckhardt 2004 ). Regression models have the advantage of being easily implemented to estimate baseflow with reasonable accuracy Zhu and Day 2009 ). Several computer-based methods have been developed more recently for the separation of baseflow from stream hydrographs and associated baseflow indices. Baseflow index is defined as the ratio of long term mean baseflow to the total streamflow (Beck et al. 2013; Eckhardt 2008) . These indices have been used alone, or in relation to selected watershed variables, for the estimation of the baseflow component of watershed yield in gauged and un-gauged watersheds (Beck et al. 2013; Lacey et.al. 1998; Mazvimavi et al. 2004; Neff et al. 2005; Eckhardt 2008 ). In a recent study, Zhang et al. (2013) applied two-parameter recursive digital filter method to determine baseflow index in Michigan (USA). Meshgi et al. (2014) using empirical equation to approximate baseflow time series using Genetic Programming (GP) and a groundwater numerical model for an urban watershed in Singapore conducted a study. The results based on three parameters: minimum daily baseflow of the entire period, watershed area, and variation in groundwater table showed that this approach is better for baseflow estimation for an un-gauged watershed without stremflow discharge. Li et al. (2014) simulated two different filters and found that the Lyne and Hollick (LH) filter performs relatively better than the Boughton and Eckhardt filters, for a range of physical conditions at watershed scale. However, the various separation methods produce widely varying estimates of baseflow indices (Eckhardt 2008) . Gan et al. (2015) used automated digital filter method of baseflow separation using historical daily streamflow data and fed by rainfall, snowmelt, and glacier melt, and reported that the baseflow index, with 65% variability, was expressively correlated with catchment climatic factors and aquifer properties.
Factors that promote infiltration and recharge of subsurface storage will increase baseflow, while factors associated with higher evapotranspiration (ET) will reduce baseflow. Therefore, there is a need to explore the possible relationship of these baseflow indices with the physiographic and physical characteristics of watershed for the separation of stream hydrograph into a slow response component and a rapid response component. Therefore, the specific objectives of the study was i) to evaluate and compare the commonly used six baseflow separation methods for application in Southern Ontario conditions, and ii) to delineate baseflow dominated and rapid response flow dominated watersheds by relating baseflow indices with the physiographic and physical characteristics of a watershed.
MATERIALS AND METHODS
The six commonly used methods; digital filtration technique (Nathan and McMohan 1990) , PART (Rutledge 1998) , United Kingdom Institute of Hydrology (UKIH) , local minima, base sliding, and base fixed methods (Pettyjohn and Henning 1979) were selected, and are described here briefly.
Digital filter method
The recursive digital filter method is the most common and the simplest one to separate baseflow from the daily streamflow records (Nathan and McMahon 1990 ). This method is used for signal analysis and processing to separate high frequency (direct runoff) signal from low frequency (baseflow) signal. The following equation is used for digital filter method:
(1) where, f k = the filtered quick response at the k th sampling instant, y k = the original streamflow, α = the filter parameter (0.925), y k -f k = the filtered baseflow.
PART method
The PART computer program is a hydrograph-separation technique to estimate baseflow from the streamflow record. The PART program computes baseflow from the stream-flow hydrograph by first identifying days of negligible surface runoff and assigning baseflow equal to streamflow on those days; the program then interpolates between those days. PART locates periods of negligible surface runoff after a storm by identifying the days meeting a requirement of antecedent-recession length greater than "N" (time in days after which surface runoff ceases) and rate of recession less than 0.1 log cycle per day, and uses linear interpolation to connect across periods which do not meet those tests.
UKIH method
The United Kingdom Institute of Hydrology (UKIH) method is based on the identification and interpolation of turning points within an input time series of streamflow, and is used for daily average data. The turning points indicate the days and corresponding values of streamflow where the observed flow is assumed to be entirely baseflow. To calculate the turning points, the streamflow data are partitioned into a sequence of five-day segments and the minimum values of streamflow within each segment, an x and y pair where x i is the day on which the minimum value of flow of y i occurred, are selected and defined to candidate turning points. Each candidate turning point is then compared to the minima for the previous and subsequent segments. Turning points are examined using the condition 0.9y i ≤ min (y i-1 , y i+1 ). The temporal variation of baseflow is estimated by piecewise linear interpolation bracketed by successive pairs of turning points.
Local minima method
Local minima method searches the hydrograph for the minimum streamflow during an interval 2N days. The width of the interval 2N used for hydrograph separation is the nearest odd integer (between 3 and 11) to twice the value of N. The value of N is the approximate duration of surface runoff from Linsley et al. (1982) :
(2) where, N is the time after which surface runoff ceases, days; A is the watershed area, square miles. The localminimum method checks each day to determine if it is the lowest discharge in one half the interval minus 1 day [0.5(2N-1) days] before and after the day being considered. If it is, then it is local minimum and is connected by straight lines to adjacent local minimums. Baseflow for days between local minimums is estimated by linear interpolation. Base sliding method Base sliding method also searches the hydrograph for the minimum streamflow during an interval 2N days. The width of the interval 2N used for hydrograph separation is the nearest odd integer (between 3 and 11 days) to twice the value of N. N is the approximate duration of surface runoff and is related to the watershed area by the equation N= (A)0.2 Linsley et al. (1982) :
(3) where, N is the time after which surface runoff ceases, days; and A is the watershed area, square miles. The base sliding version centers the interval 2N on the day of interest. Baseflow for that day is assigned the minimum streamflow within the interval; then the interval is moved forward 1 day, and the process is repeated. Base fixed method Base fixed method searches the hydrograph for the minimum streamflow during an interval of 2N days like local minima and base sliding methods. The width of the interval 2N used for hydrograph separation is the nearest odd integer (between 3 and 11) to twice the value of N. The value of N is the approximate duration of surface runoff from Linsley et al. (1982) :
(4) where, N is the time after which surface runoff ceases, in days; and A is the watershed area, in square miles. The base-fixed method assigns the lowest discharge to all days in the interval 2N, starting with the first day of streamflow record; then the analysis is moved forward 2N days, and the process is repeated. For this study, N equal to 5 days was used for all six methods.
COLLECTION OF DATA Streamflow data
Environment Canada's HYDAT database website has about 1000 gauge stations in Ontario with historical streamflow data. From this historical data archives, 115 stations in Southern Ontario were selected on the basis of three criteria: 1) the flow regime should be identified as non-regulated; 2) there should be a minimum of ten years of continuous flow data; and 3) there should be very few missing data in the flow record. The locations of the 115 stations in Ontario, which met these criteria, are shown in Fig.1 . The locations of the 115 stations in Ontario, which met these criteria, are shown in Fig.1 . In historical time series of 115 gauging stations, so many stations had missing data for few days to few months and few years. Since baseflow separation model is only executable for continuous streamflow time series; therefore, to overcome this issue, any missing data were filled with the help of previous days, months, or years' data as required. This approach also helped in relatively realistic separation of baseflow for the entire period with continuous dataset.
Physiographic data
The Ontario Ministry of Agriculture and Rural Affairs (OMAFRA) provided the digital format of physiographic data of Southern Ontario. The digital map was prepared using ARC GIS 9.2 software using the five major regions described in "The Physiography of Southern Ontario" by Chapman and Putman (1984) . The selected 115 watersheds were clipped with this map to extract physiographic information relating to each watershed. Soil type and drainage class data Soils data in digital format were also provided by OMAFRA and Canadian Soil Information System (CANSIS 2005) . The selected 115 watersheds were overlayed with this soil map to extract the soil group and drainage class information.
Slope data
The slope data was collected from CANSIS (2005). The slope classes are divided as: less than 4%, 4 -9%, 10 -15%, 16 -30%, and more than 30%. To calculate the slope, a GIS boundary was used to clip the watersheds, then "area weighted average" was computed to get the slope class value for the watershed. The data are available for whole Ontario; however, the limitation of data was the slope classes were too crude.
Land use data
The land use data were collected from Canada Soil Information System (2005) . The data were divided into 
Bedrock depth
The only source of bedrock depth data available was from Atlas Canada. These data were able to provide an estimate of an average value of bedrock data for a watershed as no reliable source available for whole of Ontario. To calculate mixed Forest, shrub land, un-vegetated surface, marshland, grassland, fen, deciduous forest, coniferous forest, bog, agricultural crops, wetland, and water. The GIS boundary was used to clip the watersheds to reclassify as agriculture, forest, water, wetland, and others. the average bedrock depth for the watershed, first georeferenced the digitized bedrock map to compute bedrock elevations for each watershed, and then surface elevations were computed using DEM (elevation data), provided by OMAFRA. Finally, bedrock elevation was subtracted from surface elevation to get "bedrock depth".
RESULTS AND DISCUSSION Comparison of baseflow separation methods
A computer program was developed to calculate baseflow indices (BFI) from six baseflow separation methods as per the equations provided earlier in one hundred and fifteen watersheds in Ontario conditions having more than 10 years of streamflow data. Each method produces different value of baseflow index. Analysis was carried out using the continuous flow data for each calendar year; however, values were also plotted for various seasons to show the seasonal variability in baseflow flow methods. A representative example of streamflow/baseflow hydrograph analysis is shown in Fig. 2 . The digital filter and PART method generated the lowest volume of baseflow. While base sliding method and base fixed method produce highest volume of baseflow. Both UKIH and local minima methods produce moderate volume of baseflow in between lowest and highest BFIs. Overall, all six separation methods respond to long duration and high magnitude flashy peaks, and the lowest volume of baseflow is generated by digital filter method and the highest volume of baseflow by base sliding method. In the study, the long duration and high magnitude flashy peaks were the high flow values observed for longer period relative to normal baseflow values. These are typically observed during the winter and spring periods. This is due to snowmelt runoff and/or due to winter rainfall on frozen grounds. Under short duration and low magnitude flashy peaks, the digital filter baseflow does not change; PART method shows little increase in baseflow while all other methods show significantly high volume of baseflow. Baseflow hydrograph generated by digital filter method appears to be more realistic than any other methods, and its baseflow recession curve follow the exponential decay function associated with storage depletion.
Analysis of frequency distribution for annual base flow indices (BFIs)
The frequency distributions for each separation methods are presented in Fig. 3 Fig. 3 indicate similarities in some of these methods. For example, skewness values for both Base Fixed method and Base Sliding method is -0.55, and this is also reflected in Fig. 3 (e and f). Both these methods have predicted almost similar number of watershed in different BFI categories. Similar pattern is evident for PART and Local Minima methods. Further, these differences, together with those in central tendency, impact the percentage of the frequency distributions above a BFI value of 0.50, noted in Table 1 . These percentages can be seen to vary dramatically, from 26% for the Digital Filter method to 93% for the Base Sliding and Base Fixed methods. These results reveal that the method yielding the smallest amounts of baseflow (i.e. Digital Filter) identifies about 75% of the study watersheds in southern Ontario to be rapid flow response dominated; while the methods yielding the largest amounts of baseflow (i.e. Base Sliding and Base Fixed) identify almost 95% of the watersheds to be baseflow dominated. Therefore, when separation methods yield substantially different individual estimates of baseflow, the overall perspectives of the relative contributions of baseflow and rapid flow response indicated by the BFI frequency distributions determined by the different methods can also be very different.
Relative baseflow index (BFI) values
The correlation coefficient between two sets of data is a good indicator of the similarity in the rank order of values in those data sets i.e., a high correlation coefficient is an indication that the rank orders are quite similar. The correlation coefficients presented in Table 2 for the BFI data sets determined using the six baseflow separation methods studied can be seen for the most part to be very high, suggesting that the rank order of watersheds as determined by the BFI values are quite similar for each method. Confirmation of this result is given by the number of watersheds with the highest and lowest thirty BFI values common to each pair of separation methods, also shown in Table 2 . Twenty-five or more of the thirty lowest ranked watersheds were found to be common for all the separation techniques, and seventeen or more of the thirty highest ranked watersheds were found to be common.
These relative ranking results can be considered in relation to the frequency distributions presented in Fig. 3 to explore the likelihood of flows being dominated by baseflow or rapid flow response at least for the watersheds exhibiting the highest and lowest BFI values determined by the various methods. As noted above, all baseflow separation methods distinguish essentially the same watersheds to have the thirty lowest BFI values. For four of the methods, i.e., Digital Filter, PART, Local Minimum and UKIH, twenty-seven or more of the lowest ranked watersheds have BFI values < or = 0.50 (as revealed in Fig. 3) . Eight of these watersheds were also determined to have the lowest BFI values of less than 0.50 by the Baseflow Sliding and Baseflow Fixed methods. Therefore, one can be reasonably confident that the watersheds commonly ranked by the various methods to have the thirty lowest BFI values are dominated by rapid flow response i.e., the baseflow is likely to be less than 50% of the stream flow. The watersheds discerned by the various baseflow separation methods to have the thirty highest BFI values are not quite as likely to be common. However, thirty or more of the watersheds studied were determined to have BFI values > or = 0.50 by all six separation methods. Therefore, although the watersheds distinguished The soils have been divided into four hydrologic soil groups (HSGs) based on soil infiltration capability by USDA Natural Resources Conservation Service (NRCS). The hydrologic soil groups (A,B,C, and D) were combined as A plus B as one group, and C plus D as the other group and the base maps used (Figures 4 through 6) were developed by distinguishing two categories of hydrologic soil groups (HSGs): a category of soils having moderate and high infiltration rates when thoroughly wetted were classified into hydrologic soil groups A and B; and a category of soils having low and very low infiltration rates when thoroughly wetted were classified into hydrologic soil groups C and D. In other words, for the range of watershed flow characteristics present in Southern Ontario, and the ranges of BFI values associated with hydrographs emanating from these watersheds, a simple mapping of soils into those with relatively high infiltration rates (i.e. HSGs A and B) and those with relatively low infiltration rates (i.e. HSGs C and D) identifies very well watersheds with the highest and the lowest BFI values respectively. Since as noted above, the watersheds in southern Ontario with the thirty highest BFI values may be considered to be baseflow dominated, and those watersheds with the thirty lowest BFI values rapid flow response dominated, thus the mapping of HSGs for southern Ontario provides an excellent indication of locations where stream flow can be expected to be baseflow or rapid response flow dominated. This study is a step forward for better understanding the baseflow separation methods and its relationship with watershed characteristics. 
